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A Novel Method for the Isolation of Skin Resident
T Cells from Normal and Diseased Human Skin
Rachael A. Clark1, Benjamin F. Chong2, Nina Mirchandani3, Kei-Ichi Yamanaka1, George F. Murphy4,
Rebecca K. Dowgiert1 and Thomas S. Kupper1
T cells resident in normal skin likely conduct immunosurveillance and are implicated in the development of
inflammatory disorders such as psoriasis. This population of cells is difficult to study because existing
techniques allow isolation of only few cells. We report here a novel method of isolating T cells from both
normal and diseased human skin. Explants of skin cultured on three-dimensional matrices led to the outgrowth
of dermal fibroblasts that elaborated T cell chemoattractant factors. These factors led to the migration of skin
resident T cells out of skin explants where they could be collected and studied. Skin resident T cells isolated
from explant cultures were CD45ROþ memory T cells and expressed high levels of cutaneous lymphocyte
antigen (CLA) and chemokine receptor (CCR)4. Inclusion of IL-2 and IL-15 in explant cultures produced up to a
10-fold expansion of skin-resident T cells, while maintaining the CLAþCCR4þ skin-homing phenotype as well as
a diverse T cell repertoire. This method also allowed efficient isolation of malignant T cells from the skin lesions
of cutaneous T cell lymphoma and the isolation of tumor-infiltrating lymphocytes from primary squamous cell
carcinomas and melanoma metastases.
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INTRODUCTION
Normal skin contains a population of resident T cells that are
thought to conduct immunosurveillance and have been
recently implicated in the development of psoriasis (Bos
et al., 1987; Boyman et al., 2004). Study of these cells has
been difficult because they can be isolated only in low
numbers using existing methods of mechanical dissociation
combined with chelating agents or collagenase (Campbell
et al., 2001; Schaerli et al., 2004). As a result of this difficulty,
analyses of T cells isolated from normal skin have been
limited or have utilized T cell clones (Campbell et al., 2001;
Ferenczi et al., 2002; Schaerli et al., 2004).
We report here a novel method of T cell isolation that
takes advantage of the natural tendency of skin resident
T cells to migrate towards areas of wound healing and tissue
repair. This method allows isolation of large numbers of
T cells from both normal and diseased human skin and has
the potential to greatly facilitate the study of these important
lymphocyte populations.
RESULTS
Isolation of T cells from skin explants
Samples of normal human skin obtained from cosmetic
surgery procedures were cultured on the surface of Cellfoam
three-dimensional growth matrices in the absence of exo-
genous cytokines (Figure 1a). Cellfoam is a tantalum-coated
carbon matrix that supports the growth of a variety of cell
types (Banu et al., 2001) (Figure 1b). During the culture
period, dermal fibroblasts grew into and populated the
Cellfoam matrix (Figure 1c). Low numbers of epidermal
keratinocytes were also occasionally present, but this was not
a consistent finding (data not shown). T cells were observed
to spill from the matrices and into the culture wells beginning
between 7 and 14 days after initiation of culture and peaking
at 21 days (Figure 2a). Although the number of skin-resident
T cells isolated from different donors varied, the kinetics of
T cell production was similar for all donors (Figure 2b). We
observed production of significant numbers of T cells (mean:
96,375 per matrix, n¼ 8) from samples of normal, non-
inflamed human skin. We sectioned and stained explants
from the same skin sample for the presence of T cells before
and after culture. Explants before culture had mean 51.5
T cells/mm2 (n¼ 30, standard deviation (SD)¼ 17.6) vs 2.90
T cells/mm2 (n¼30, SD¼ 2.10) after culture. There was a
mean 18-fold reduction in the number of T cells present in
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skin samples after explant culture. Sections of cultured tissue
contained fewer T cells, but these cells were intact and
appeared histologically normal, suggesting that the attrition
in T cell numbers is not simply a result of cell apoptosis or
degeneration (data not shown). Each matrix contained three
2 mm 2 mm2 mm explants of human skin. If total skin
thickness is conservatively estimated to be 2 mm, then the
equivalent of a 4 mm punch biopsy of skin was added to each
matrix. For most samples, skin thickness exceeded 2 mm and
thus each matrix was populated by less than the equivalent of
a 4 mm punch biopsy. Greater than 95% of the T cells
isolated from normal skin were ab T cells; fewer than 3% gd
T cells were isolated (data not shown).
Virtually all T cells isolated from skin explants expressed
CD45RO, indicating that they were memory T cells (Figure
2c). T cells freshly isolated from normal skin using mecha-
nical dissociation methods express both the cutaneous lym-
phocyte antigen (CLA) and the chemokine receptor (CCR)4
(Campbell et al., 2001; Ferenczi et al., 2002). We found that
T cells isolated from explant cultures also expressed high
levels of these skin-homing markers (Figure 2d). Skin explants
100 m100 m1 cm
a b c
Figure 1. Skin explant cultures. (a) Three 2 mm 2 mm2 mm explants of
human skin were cultured on collagen-coated three-dimensional cell growth
matrices. (b) Scanning electron micrograph of the Cellfoam three-dimensional
matrix (provided by Cellsciences). (c) Immunofluorescence micrograph of
dermal fibroblasts (stained green with vimentin antibody) populating the
matrix after 3 weeks of explant culture.
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Figure 2. Efficient isolation of skin-resident memory T cells from explant cultures of normal human skin. (a) Maximal T cell production was observed at 3
weeks after initiation of culture in all donors. No exogenous cytokines were added. (b) Donor variability and mean cell yields from eight different skin donors.
(c) T cells isolated from explant cultures were CD45ROþ memory T cells with (d) almost universal expression of CLA and CCR4. (e) T cells isolated from
explants cultured without matrices showed loss of both CLA and CCR4 expression. (f–h) Functionality of T cells isolated from normal skin in explant cultures.
T cells (f) proliferated in response to TCR crosslinking, (g) upregulated the activation CD69 and (h) produced TNFa after treatment with the T cell mitogen
concanavalin A. ***Po0.0001.
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cultured on non-collagen-coated matrices produced slightly
fewer T cells, but this difference was not significant (mean
73%, n¼3, P40.05). Explants of skin cultured on tissue
culture plastic in the absence of three-dimensional matrices
produced significantly fewer T cells (mean 59%, n¼ 3,
Po0.05). Fibroblast outgrowth onto the culture wells was
inconsistent in these cultures. Explants cultured on low-
attachment plastic also produced fewer T cells (mean 51% of
matrix cultures, n¼3, Po0.05). More significantly, T cells
isolated from explants cultured without matrices had greatly
decreased CLA and CCR4 expression (Figure 2e).
T cells isolated from skin explants cultured on matrices
remained functional. Skin-derived T cells proliferated in
response to signaling through the TCR (Figure 2f). In addition,
these cells upregulated the activation antigen CD69 and
secreted tumor necrosis factor-a (TNF-a) after treatment with
the T cell mitogen, concanavalin A (Figure 2g and h).
Dermal fibroblasts produce chemokines that induce migration
of T cells out of skin explants
We observed that peak T cell production occurred at 3 weeks
after the initiation of culture, corresponding the time required
for fibroblasts to grow into and completely populate the
matrices. This led us to investigate whether factors produced
by dermal fibroblasts or other skin cells led to the migration of
T cells out of skin explants.
We analyzed conditioned medium collected from 3-week
skin explant cultures using the Zyomyx human cytokine
biochip and single-agent ELISAs. We found that conditioned
medium from skin explant cultures contained a number of
cytokines and chemokines known to be T cell chemoattrac-
tants. The most abundantly produced chemoattractant was
IL-8 (87 ng/ml; Figure 3a). IL-8 is produced by many cell
types, including keratinocytes and fibroblasts, and induces
T cell chemotaxis (Xu et al., 1995; Gesser et al., 1996; Wang
et al., 1996). The chemokines interferon-inducible protein-10
(IP-10), monocyte chemotactic protein (MCP)-1, MCP-3,
macrophage-derived chemokines (MDC), MIG, and macro-
phage inflammatory protein (MIP)-3a were also present in
conditioned medium from explant cultures (Figure 3b). MCP-
1 is chemotactic for human ab T cells and both MCP-1 and
MCP-3 can induce the transendothelial chemotaxis of human
T cells (Roth et al., 1995, 1998). IP-10 and MIG, both ligands
for the CCR CXCR3, mediate the chemotaxis of Type 1
T-helper T cells (Bonecchi et al., 1998). MDC is a ligand for
CCR4 and induces chemotaxis of CCR4þ skin-homing T cells
(Campbell et al., 1999). MIP-3a is expressed in normal non-
inflamed skin and may enhance T cell recruitment to the skin
as a part of cutaneous immune surveillance (Charbonnier
et al., 1999; Fitzhugh et al., 2000). MIP-3a binds to CCR6;
this receptor is expressed by a subset of cutaneous T cells and
is upregulated in patients with psoriasis (Homey et al., 2000).
In contrast to these results, thymus and activation-regulated
chemokine (TARC), a second ligand for CCR4, was not
expressed at detectable levels in explant culture supernatants
(data not shown).
To determine if these chemoattractants induced the
migration of T cells out of skin explants, we included
pertussis toxin (PT) in skin explant cultures. Pertussis toxin
blocks all Gi-protein-coupled CCR signaling, including that
of the IL-8 receptors CXCR1 and CXCR2 (Baggiolini et al.,
1994). We found that PT almost completely blocked the
egress of T cells from skin explants (Figure 3c). Neutralizing
antibodies to IL-8 also significantly decreased the number of
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Figure 3. Explant cultures elaborate T cell chemoattractants and T cell antiapoptotic factors but do not produce cytokines that induce T cell proliferation. (a)
Conditioned medium from explant cultures contained significant levels of the T cell chemoattractants IL-8, (b) IP-10, MCP-1, MCP-3, MDC, MIG, and MIP-3a.
(c) Inclusion of PT blocked the migration of T cells from skin explants and neutralizing antibodies to the T cell chemokines IL-8 and MDC also partially inhibited
migration. (d) Conditioned medium from explant cultures contained significant levels of IL-6 but lacked expression of the T cell proliferative cytokines IL-2, IL-7,
and IL-15. Bars indicate the mean and standard deviation of multiple measurements.
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T cells that migrated out of skin explants (Figure 3c). Skin-
resident T cells isolated from explants express high levels
of CCR4 (Figure 2d). We included neutralizing antibodies
to MDC, a ligand for CCR4, and observed a modest but
reproducible decrease in the migration of T cells from
explant cultures (Godiska et al., 1997). Addition of neutrali-
zing antibodies to both MDC and IL-8 produced a roughly
additive decrease in T cell migration, but migration of the
majority of T cells was unaffected, suggesting that other
chemokines, such as IP-10, MCP-1, MCP-3, MIG, and MIP-
3a, likely participate in inducing T cell migration from
explants.
In contrast to the substantial production of chemokines,
we observed no production of cytokines that induce T cell
division, including IL-2, IL-7, and IL-15 (Figure 3d). The only
member of the IL family that was present in conditioned
medium was IL-6, a cytokine that prevents T cell apoptosis
in mice and is known to be produced by fibroblasts, among
other cell types (Takeda et al., 1998). We also found
no appreciable production of IFN-g, TNF-a and TNF-b,
IL-12p70, IL-12p40, or IL-13 (data not shown).
T cells from blood retain homing receptor expression long term
in explant cultures
We found that skin resident T cells isolated from explant
cultures expressed high levels of CLA and CCR4, as did T
cells freshly isolated from normal skin using mechanical
methods (Campbell et al., 2001; Ferenczi et al., 2002). Thus,
explant-derived T cells survived and retained both CLA and
CCR4 expression despite culture for up to 3 weeks in serum-
containing medium without exogenous cytokines. Culture of
CLAþ cutaneous T cells in serum-containing medium has
been previously shown to lead to loss of CLA expression
(Fuhlbrigge et al., 1997; Armerding and Kupper, 1999). This
suggested that the explant microenvironment contained
factor(s) that supported the maintenance of CLA and CCR4
expression. We therefore wished to determine if culture of
CLAþ cutaneous T cells from the blood in the explant
microenvironment could support the long-term expression of
CLA. Also, we wished to determine if factors existed in
explant cultures that could induce the expression of CLA and/
or CCR4 in non-cutaneous T cells isolated from blood. Two
approaches were taken. First, we have found that matrices
colonized with skin explants are populated largely by dermal
fibroblasts (Figure 1c). Thus, we hypothesize that dermal
fibroblasts most likely produce the factor(s) required to
support the survival and expression of cutaneous T cell
homing receptors including CLA and CCR4. To test this
hypothesis, we isolated and grew dermal fibroblasts as a
separate cell population, plated these cells onto Cellfoam
matrices, and examined their ability to support the survival
and CLA expression of T cells isolated from blood. We
isolated subsets of naı¨ve, memory CLA, and memory CLAþ
T cells from peripheral blood and cultured them in fibroblast-
colonized matrices for 3 weeks in the absence of exogenous
cytokines.
We found that matrices colonized with dermal fibro-
blasts enhanced the survival of all three subsets of T cells, but
survival of CLAþ skin-homing T cells was significantly
enhanced in comparison to the other two cell populations
(Po0.001; Figure 4a). Cellfoam matrices alone have been
reported to support the survival and pluripotency of
hematopoietic stem cells (Rosenzweig et al., 1997). How-
ever, we found that culture in Cellfoam matrices alone did
not significantly improve T cell survival (Figure 4b). Fixation
of fibroblasts greatly decreased the ability of these cells to
support T cell survival, suggesting that factors produced by
living fibroblasts were important (Po0.0001 compared with
fibroblasts on matrices group). In support of this finding,
sublethal irradiation of fibroblasts (2,000 rad) only partially
reduced the survival of T cells (Po0.01). Lastly, although we
find significant levels of the antiapoptotic factor IL-6 in
explant cultures, inclusion of neutralizing antibody to IL-6
did not decrease T cell survival (data not shown). The
phenotype of T cell subsets was largely unchanged after
3 weeks in culture with fibroblast-colonized matrices. Input
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Figure 4. Peripheral blood T cells cultured in fibroblast-colonized matrices
showed little change in CLA expression. CLAþ -enriched and CLA naı¨ve and
memory T cell subsets were isolated from peripheral blood and cultured in
matrices colonized with dermal fibroblasts for 3 weeks without endogenous
cytokines. (a) Fibroblast-colonized matrices preferentially supported the
survival of CLAþ cutaneous T cells. (b) The presence of living fibroblasts on
matrices greatly enhanced CLAþ T cell survival. Irradiation of fibroblasts
(irrad) only slightly decreased T cell survival, but fixation of fibroblasts (fixed)
largely destroyed their ability to maintain T cell viability. (c, d) CLAþ T cells
remained CLAþ after culture in fibroblast-colonized matrices. CLA expres-
sion is shown (a) before and (b) after culture. Memory CD45ROþCLAþ
remained CLAþ and naı¨ve CD45ROCLA T cells and memory
CD45ROþCLA T cells failed to acquire CLA expression during culture.
A duplicate experiment using different fibroblast and T cell donors produced
similar results.
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populations enriched for CLAþ T cells maintained significant
CLA expression after 3 weeks in culture (Figure 4c and d).
Likewise, we found that CLA was not induced on non-
cutaneous naı¨ve and memory T cells after culture (Figure 4c
and d).
Although fibroblasts make up the vast majority of cells
colonizing the matrices in explant cultures, smaller numbers
of other crucial cell types may also be present. To determine
if explant-colonized matrices also supported maintenance of
T cell phenotype, we pre-colonized matrices with skin
explants for 3 weeks, irradiated the matrices (2,000 rad) to
deplete endogenous lymphocytes, and then cultured T cell
subsets from the blood in these colonized matrices for 4
weeks. Results were identical; CLAþ T cells maintained
significant CLA expression and CLA subsets remained CLA.
Table 1 summarizes the expression of CLA and other cell
surface markers examined before and after culture. Expres-
sion of CLA, CCR4, and L-selectin remained largely un-
changed in all T cell subsets. CD69 and CD25 were upregu-
lated after culture in the memory subsets of both CLA and
CLAþ cells, but remained low in the naı¨ve CLA subset.
Inclusion of IL-2 and IL-15 in explant cultures allows expansion
of skin-resident T cells without loss of skin-homing markers and
with maintenance of T cell diversity
Skin-resident T cell are both difficult to isolate, and once
isolated, lose expression of skin-homing markers when
expanded in serum-containing medium (Fuhlbrigge et al.,
1997; Armerding and Kupper, 1999). T cells can be induced
to express CLA by culture in serum-free XVIVO15 medium
(Fuhlbrigge et al., 1997), but this expression is unlikely to be
physiologic because CLA expression is induced in all T cells,
regardless of their previous tissue tropism, and is not linked to
expression of other skin homing receptors such as CCR4.
We found a remarkable maintenance of CLA and CCR4
expression in T cells isolated from skin explants despite up to
3 weeks of culture in serum-containing medium. We next
wished to determine if we could induce proliferation of skin-
resident T cells in skin explant cultures without inducing the
loss of skin homing receptor expression. We included IL-2
and/or IL-15 in explant cultures from the time these cultures
were originated until the harvest of T cells at three weeks.
IL-2 and IL-15 are cytokines that induce antigen-independent
proliferation of T cells and participate in bystander T cell
proliferation during immune responses (Sprent et al., 1999;
Lodolce et al., 2001). We observed significant expansion
of T cells from explants treated with IL-2, IL-15, or a combi-
nation of these two cytokines (Figure 5a). In the experiment
illustrated in Figure 5a, IL-2 and IL-15 alone both induced a
roughly five-fold increase in T cell numbers and inclusion of
both cytokines induced an 11-fold increase. Thus, inclusion
of IL-2 and IL-15 allowed isolation of 4.5 105 T cells from
the equivalent of a 4 mm punch biopsy of normal human
skin. Normal skin from different donors produced varying
numbers of T cells after stimulation with IL-2 and IL-15; mean
response for three donors was a 7.7-fold increase (SD¼ 3.1).
Remarkably, we found that these expanded T cells main-
tained high levels of both CLA and CCR4 (Figure 5b). To our
knowledge, this is the first method for expanding skin-
resident T cells that maintains high and physiologic expres-
sion of both CLA and CCR4.
In order to determine if expansion of skin-resident T cells
led to an undesirable loss of T cell diversity, we next
compared the TCR diversity of expanded versus non-
expanded populations of skin-resident T cells. A limited
analysis of 10 Vb families by flow cytometry demonstrated
that, although there were some shifts in the proportion of
T cells utilizing a particular Vb, all Vb families present in the
unexpanded sample were also represented in the expanded
population of T cells (Figure 5c and d). We next performed
a comprehensive analysis of expanded skin-resident T cells
by TCR-CDR3 length analysis (T cell spectratyping). In
contrast to flow cytometry, which provides information on
the proportion of T cells utilizing a particular Vb, spectra-
typing allows identification of the TCR diversity within each
Vb family. The number of peaks within a Vb family is an
Table 1. Surface phenotype of peripheral blood T cells before and after 4 weeks in culture1
Subset CLA (%) CD45RO (%) CD45RA (%) L-selectin (%) CCR4 (%) CD69 (%) CD25 (%)
CLA+ memory
Before 94 99 4 63 62 1 9
After 72 98 4 61 76 53 42
CLA memory
Before 1 100 6 52 33 1 7
After 4 99 3 58 20 54 66
CLA naı¨ve
Before 0 6 98 52 7 0 2
After 7 47 91 66 9 7 9
Abbreviations: CLA, cutaneous lymphocyte antigen; CCR, chemokine receptor.
1Percentages reflect the mean of three separate measurements.
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index of the complexity of the TCR repertoire utilizing that
Vb. We found that skin resident T cells expanded with IL-2
and IL-15 in skin explant cultures maintained an impressive
degree of TCR diversity (Figure 5e). Spectratypes from normal
peripheral blood T cells contain between 5 and 8 peaks
in each Vb family (Yawalkar et al., 2003). Many of the Vb
subgroups in expanded skin-resident T cells also showed this
degree of diversity. Together, these results demonstrate that
skin-resident T cells can be expanded using our method
without loss of skin cell-homing markers and with main-
tenance of significant T cell diversity.
Isolation of skin-infiltrating T cells from lesions of cutaneous
T cell lymphoma
Cutaneous T cell lymphoma (CTCL) is a malignancy of
skin homing CD4þ memory T cells. Lesions of CTCL are
characterized by an infiltrate of both atypical and normal
T-lymphocytes in early phases and increasingly clonal
populations of atypical lymphocytes as the disease pro-
gresses. To determine if explant cultures could be useful for
the isolation and study of T cells from this disorder, we
obtained biopsies of lesional skin from CTCL patients and
cultured the skin in explant cultures. We found maximal
production of T cells from CTCL lesional skin occurred at an
earlier time point than in non-inflamed skin, peaking at 1–2
weeks after initiation of cultures (Figure 6a). CTCL lesions
yielded 2.4 105 T cells/matrix without exogenous cytokines
and 2.75106 T cells/matrix with the addition of IL-2 and
IL-15 (mean of four donors; Figure 6b). CTCL lesions yielded
an average of 2.5-fold more T cells than normal, non-
inflamed human skin in the absence of exogenous cytokines.
T cells isolated from CTCL lesions using mechanical methods
express both CLA and CCR4 (Ferenczi et al., 2002). We found
that T cells isolated from CTCL lesions by explant cultures
also expressed high levels of CLA and CCR4 (Figure 6c).
Moreover, inclusion of IL-2 and IL-15 induced over a 10-fold
expansion of these cells without loss of CLA and CCR4
expression (Figure 6b and c). Attempts to culture the
malignant T cells from CTCL skin lesions and blood using
conventional culture methods have failed; these methods
produce expanded populations of benign-infiltrating T cells
(Harwix et al., 2001). To determine if our method allows
isolation of malignant T cells from CTCL skin, we first
identified a CTCL patient with a clear clonal population of
malignant T cells in the blood. By peripheral blood
spectratyping analysis, patient 151 had a clear clonal
population of malignant T cells that expressed TCR Vb11
(data not shown). A biopsy of lesional skin from this patient
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Figure 5. Inclusion of IL-2 and IL-15 in explant cultures led to a 10-fold expansion of skin-resident T cells without loss of skin-homing receptors and with
maintenance of significant diversity. (a) Total number of skin resident T cells isolated at 3 weeks when IL-2 (100 U/ml) and/or IL-15 (20 ng/ml) were included in
explant cultures. Values represent the mean and standard deviation of three matrices per group; all groups shown used the same sample of normal skin.
Comparable results were obtained from two additional donors. **Po0.001; ***Po0.0001. (b) Skin-resident T cells isolated from cytokine-treated explants
retained expression of CLA and CCR4. (c) Flow cytometry analysis of TCR Vb usage showed that, whereas shifts occurred, all Vb present in unexpanded
populations were also present in expanded populations. Similar results were obtained from a second skin donor. (e) T cells produced from explants treated with
both IL-2 and IL-15 retained significant diversity as assessed by T cell spectratyping analysis. Multiple peaks represent diversity within each Vb subfamily. Results
from a second donor showed similar results.
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was cultured using the explant method and T cells were
examined for their expression of TCR Vb11. Sixty-four
percent of all CD3þ T cells isolated from the skin expressed
Vb11, confirming that they were malignant T cells (Figure
6d). Moreover, an activated subpopulation of T cells (as
shown by higher forward and side scatter on flow cytometry)
was clearly identifiable, which consisted only of malignant T
cells (Figure 6e). Thus, not only can explant culture isolate
the malignant T cells from CTCL skin lesions, but further
isolation of the activated T cell subpopulation may allow
preferential identification, isolation, and study of malignant
cells in patients without clear clonal T cell populations. We
have now used the explant culture method to isolate T cells
from 32 CTCL patients seen at the Cutaneous Oncology
Clinic at the Dana Farber Cancer Institute. These cells,
isolated directly from the skin lesions of CTCL, are likely to be
a valuable resource in the study of this relatively rare
malignancy.
Isolation of tumor-infiltrating lymphocytes from squamous cell
carcinomas and from melanoma metastases
Organ transplant recipients on immunosuppressive medica-
tions and other immunocompromised individuals are at high
risk for the development of squamous cell carcinomas (SSC),
suggesting that these tumors are largely controlled in normal
people by an intact cutaneous immune system (Berg and
Otley, 2002). Primary tumors of malignant melanoma often
have associated T cell infiltrates, and a brisk lymphocytic
infiltrate is associated with a better prognosis (Clark et al.,
1989). Moreover, tumor-infiltrating lymphocytes (TIL) derived
from melanoma metastases, expanded in vitro, and subse-
quently re-infused have induced regression of melanoma in
some patients (Dudley et al., 2002). Thus, the population of T
cells populating tumors is of interest, both in determining
why TIL permit the persistence of a tumor and in the
possibility of treating tumors using expanded populations of
these cells.
In order to determine if explant cultures allow the isolation
of TILs, we cultured explants of primary cutaneous squamous
cell carcinomas (SCC) and malignant melanoma on three-
dimensional matrices. Samples of SCC consisted of curetted
tissue before removal of tumors by Moh’s micrographic
surgery; immunohistochemical studies of representative
portions of these samples confirmed that they consisted of
SCC tumor only, without surrounding normal skin. Melano-
ma metastases were also examined by immunohistochemical
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Figure 6. Skin explant cultures allowed efficient isolation and expansion of skin-infiltrating T cells from CTCL lesions and TILs from SCC and melanoma
metastases. (a) T cell production from CTCL lesional skin peaked between days 7 and 14 of explant cultures in the absence of exogenous cytokines. (b) Inclusion
if IL-2 and IL-15 in CTCL explant cultures led to an expansion of skin-infiltrating T cells (c) without loss of CLA and CCR4 expression. (d) Explant culture of CTCL
skin allowed isolation of malignant T cells. In explant cultures of skin from a patient with a clonal population of Vb11þ malignant T cells in the blood, 64% of all
CD3þ T cells isolated were Vb11þ malignant T cells and (e) a pure population of malignant cells were identifiable based on its higher forward and side scatter
characteristics. (f) Explant cultures allowed efficient isolation and expansion of TILs from human primary SCC. Similar results were obtained from a second,
independent sample. (g) Explant cultures containing IL-2 and IL-15 allowed isolation of many more T cells from melanoma metastases than conventional
methods of mechanical dissociation. Duplicate samples have confirmed this observation.
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studies to confirm that they contained tumor mass only. TIL
were successfully isolated from SCC both with and without
exogenous IL-2 and IL-15 (3.3105 T cells/matrix vs
2.6106 T cells/matrix with IL-2 and IL-15 for the sample
shown in Figure 6f; comparable results obtained with SCC
from a second donor). TIL could also be isolated in significant
numbers from metastases of malignant melanoma when this
tissue was cultured on matrices in the presence of IL-2 and IL-
15 (Figure 6g; 52,500 T cells from mechanical isolation in
EDTA vs 2.5106 T cells from explant cultures treated with
IL-2 and IL-15; comparable results obtained from a second
sample).
DISCUSSION
T cells that infiltrate skin are important in protecting against
both cutaneous infections and malignancies. Immunosup-
pression of organ transplant recipients with T-cell-specific
medications such as cyclosporin A greatly increases the risk
of cutaneous malignancies, a fact that clearly demonstrates
the importance of cutaneous immunosurveillance (Berg and
Otley, 2002). Skin resident T cells likely also contribute to
inflammatory skin disorders and are clearly implicated in the
development of psoriasis. T cells resident in non-lesional skin
from psoriatic patients have been shown to divide and induce
spontaneous psoriasis lesions when this skin is transplanted
to immunodeficient mice (Boyman et al., 2004). Despite the
key role these cells play in cutaneous immunity, the study
of skin-resident T cells has been hampered by the difficulty
of extracting them from the skin and the fact that these cells
tend to lose expression of cutaneous homing receptors
when cultured in serum-containing medium (Armerding
and Kupper, 1999). We report here a novel method of
isolating T cells from both normal and diseased skin. Isolated
T cells express high levels of both CLA and CCR4 and can be
expanded from skin explants without loss of expression of
these homing receptors and with maintenance of significant
TCR diversity. This method also allows isolation of large
numbers of skin-infiltrating T cells from CTCL skin lesions
and efficient isolation of TILs from both SSC and melanoma
metastases.
By its very nature, skin is a tissue that is highly resistant to
tensile forces and mechanical disaggregation. It is therefore
not surprising that the established techniques of T cell
isolation that use mechanical dissociation of skin coupled
to treatment with chelating agents or collagenase produce
very few T cells. We report here a method that takes
advantage of the tendency of T cells to migrate towards
areas of wound healing and tissue repair. Explants of skin
are placed on three-dimensional matrices that encourage the
in-growth of dermal fibroblasts, creating a wound healing-
like microenvironment. Fibroblasts infiltrating the matrices
secrete a number of chemokines known to mediate T cell
chemotaxis, including IL-8, IP-10, MDC, MCP-1, MCP-3,
MIG, and MIP-3a. In response to the chemokine gradient
established by proliferating fibroblasts, skin-resident T cells
migrate out of skin explants and can be collected for study.
Although this method requires a period of culture, it allows
isolation of a large number of cells from normal, non-
inflamed human skin. Moreover, the T cells we isolate from
normal skin have high expression of CLA and CCR4, identical
to T cells freshly isolated from skin using mechanical
methods (Campbell et al., 2001; Ferenczi et al., 2002).
Lastly, we find that by including IL-2 and IL-15, we can
increase T cell production from normal skin up to 10-fold
with no loss of CLA and CCR4 expression and with
maintenance of significant T cell diversity.
Although T cells isolated freshly from normal skin express
CLA and CCR4, expression of these key cutaneous homing
receptors is lost when these cells are cultured in serum-
containing medium (Armerding and Kupper, 1999). We have
found that cutaneous T cells isolated from blood and cultured
in matrices colonized with dermal fibroblasts maintain
expression of CLA and CCR4 for up to 4 weeks in serum-
containing medium without exogenous cytokines. This
finding suggests that dermal fibroblasts produce factors that
support the survival and differentiation state of cutaneous
T cells. These factors may be a crucial part of maintaining the
survival and functionality of T cells during their period of
residence within the skin.
T cells isolated from normal skin proliferated robustly in
response to TCR triggering via CD3 and CD28 antibodies,
simulating antigen-specific stimulation (Figure 2f). T cells
within the skin also proliferate when they encounter their
cognate antigen expressed on dermal antigen-presenting
cells. In psoriasis, autoreactive T cells proliferate within
the dermis in response to autoantigen presented by dermal
antigen-presenting cells (Nestle et al., 2005). We found
that T cells from normal skin also proliferate after treat-
ment with IL-2 and IL-15, in the absence of specific antigen.
This behavior is analogous to the in vivo phenomenon
of bystander proliferation, in which T cells are driven
to proliferate in an antigen-independent manner by the
presence of IL-15. Bystander proliferation is thought to
contribute to immune responses by enhancing proliferation
of T cells near activated innate immune cells, but it may
also contribute to the continued survival of memory
T cells residing in tissues such as the skin (Lodolce et al.,
2001).
T cells expressing CLA bind to and roll along endothelial
cells expressing E-selectin (Berg et al., 1991; Fuhlbrigge et al.,
2002). This initial tethering event is thought to be central to
the entry of T cells into both inflamed and normal skin (Picker
et al., 1990; Chong et al., 2004). However, it has been
suggested that CLA may not participate in T cell homing and
may actually be upregulated after the entry of T cells into skin
(Pober et al., 2001). To address this issue, we cultured CLA
naı¨ve and memory T cells isolated from blood in matrices
colonized with fibroblasts and skin explants. We found that,
although the matrices supported the survival of these cells,
culture in the dermal cell microenvironment did not induce
the expression of CLA. On the contrary, we found that CLA
expression, or non-expression was a remarkably stable
feature of T cells cultured in the dermal cell microenviron-
ment. Our results are consistent with studies of HSV2-specific
CD8þ memory cells, which demonstrated that these cells,
specific for a skin-associated infection, expressed CLA while
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still in the circulation (Koelle et al., 2002). Moreover, these
cells retained CLA expression in culture after in vitro peptide-
driven expansion. By contrast, non-cutaneous EBV-specific
CD8þ T cells did not express CLA in the circulation and nor
did they acquire CLA expression after in vitro peptide-driven
expansion (Koelle et al., 2002). These results together with
ours support a more stable, committed expression of CLA in
T cells destined to home to the skin.
We also investigated if this method could be used to
isolate T cells from cutaneous malignancies. In CTCL,
malignant skin-homing T cells produce inflammatory cuta-
neous patches, plaques, and tumors, and can induce
erythroderma if they lose expression of skin homing receptors
(Querfeld et al., 2005). We report here isolation of significant
numbers of T cells from CTCL lesions without exogenous
cytokines and impressive numbers of T cells when explants
were cultured in IL-2 and IL-15 (up to 2.8 106 cells from a
single 4 mm punch biopsy). Our method allowed isolation of
malignant T cells from CTCL skin lesions, something that has
not previously been achieved using standard culture tech-
niques (Harwix et al., 2001). Moreover, a pure population of
malignant T cells could be identified based on its distinct side
and forward scatter profile on flow cytometry. Based on this
observation, it should be possible to separate malignant
T cells away from benign-infiltrating T cells using cell sorting.
The ability to selectively isolate malignant T cells from CTCL
lesions is exciting and could greatly facilitate study of this
unusual malignancy.
In contrast to their role in CTCL, the T cells infiltrating
other cutaneous tumors should be more a part of the solution
than a part of the problem. T cells removed from melanoma
lesions and expanded in vitro have induced regression of
melanoma metastases when re-infused into patients (Dudley
et al., 2002). However, if these tumor-infiltrating T cells were
ideally performing their function, then the tumor should not
exist. With the advent of HIV disease and immunosuppres-
sion following organ transplants, it became clear that T cells
are continually rejecting cutaneous malignancies before they
become clinically apparent. This is most clearly demon-
strated in the case of SCC. Transplant recipients on
immunosuppression face a 65- to 250-fold increased fold
risk of SCC (Euvrard et al., 2003). Moreover, these tumors are
aggressive; approximately 7% of transplant-associated SCCs
metastasize and metastasis is associated with a particularly
poor prognosis (Berg and Otley, 2002). It is therefore of
interest to study the T cells that infiltrate SCC, in part to
determine why they are not controlling the tumor. By use of
the explant method we describe here, we were able to isolate
significant numbers of T cells from both melanoma metas-
tases and from primary human SCC. Isolation of these cells in
sufficient numbers is the first step towards studying how we
can optimize the ability of these cells to recognize and reject
cutaneous malignancies.
In summary, we report here a novel method that allows
the efficient isolation of T cells from both normal skin and
CTCL lesions and the isolation of TIL from melanoma
metastases and primary SCC. Isolation of these fairly rare
and important cells sets the stage for a greater understanding
of how T cells contribute to the cutaneous immune system in
both health and disease.
MATERIALS AND METHODS
Preparation of three-dimensional skin explant cultures
The 9 mm 9 mm 1.5 mm Cellfoam matrices (Cellsciences Pte Ltd,
Singapore) were autoclaved, then incubated in a solution of 100 mg/
ml rat tail collagen I (BD Biosciences, Bedford, MA) in phosphate-
buffered saline for 30 minutes at 371C, followed by two rinses in
phosphate-buffered saline. In compliance with local institutional
review board policies, samples of normal adult human skin
(discarded after cosmetic surgeries), CTCL lesional skin, primary
cutaneous SCC, or metastases of malignant melanoma were
obtained. Acquisition of tissue samples and all scientific studies
were approved by the Institutional Review Board, Partners Human
Research Committee (Partners Research Management, Boston, MA).
The study was conducted according to the Declaration of Helsinki
Principles. Only human tissues were used. Subcutaneous fat was
removed and the tissue was minced into explants approximately
2 mm 2 mm 2 mm in size. Three skin explants were placed on
the surface of each matrix and allowed to briefly air dry to maintain
adherence of the skin to the matrix. The matrices and skin were
placed in wells of a 12 mm diameter, 0.4 mm pore size polyester
membrane transwells (Corning, Corning, NY) and the culture was
maintained submerged in Iscove’s modified medium (Mediatech,
Herndon, VA) with 20% heat-inactivated fetal bovine serum (Sigma,
St Louis, MO), penicillin and streptomycin, and 3.5 ml/l b-mercap-
toethanol with feeding three times per week. For feeding, 1 ml (of
total 2 ml) was aspirated and replaced with fresh medium. Use of
transwells was optional; there was a small decrease in the number of
T cells isolated when explants were cultured in 24-well plate wells,
but the phenotype of T cells was unaffected. T cells were isolated by
aspiration of medium in the wells and by thorough flushing of the
matrices. For cultures treated with IL-2 and/or IL-15, cytokines were
added from the initiation of culture until collection of T cells at 21
days. Human recombinant IL-2 (R&D systems, Minneapolis, MN)
was included at 100 U/ml. Human recombinant IL-15 (R&D systems)
was added at 20 ng/ml. Additional cytokine was added at 1 when
cultures were fed three times weekly. For cultures without matrices,
three skin explants were placed in each well of a 24-well plate and
the cultures were maintained as above. Either tissue-culture-treated
plastic (Falcon, to permit fibroblast outgrowth) or ultra-low-attach-
ment plastic (Costar, to inhibit fibroblast outgrowth) plates were
used.
Immunofluorescence microscopy of the matrix
microenvironment
Immunofluorescence microscopy of matrices was performed by
rinsing the colonized matrices in phosphate-buffered saline,
followed by fixation in 100% acetone for 5 minutes and rehydration
in phosphate-buffered saline. Matrices were then incubated in 1:20
dilution of goat anti-vimentin antiserum (Sigma) in phosphate-
buffered saline/1% bovine serum albumin for 45 minutes at room
temperature, rinsed twice, and incubated in secondary antibody
FITC-rabbit anti-goat IgG (Zymed, San Francisco, CA) for 30 minutes
at room temperature. Grids were then mounted on microscope slides
using Prolong Antifade Kit (Molecular Probes, Eugene, OR) and
examined by fluorescence microscopy. Full colonization of the
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matrices with dermal fibroblasts was observed after 3 weeks in
culture.
Enumeration of T cells in explants before and after culture
Skin explants from the same donor were examined before culture
and after 3 weeks of culture on Cellfoam matrices as des-
cribed above. Explants were embedded in O.C.T. (Tissue-Tek,
Sakura), frozen in liquid nitrogen, and stored at 801C until
cryosectioning. Five explants before and five after culture were
sectioned 6mm thick at two levels, each separated by at least 50mm.
T cells were identified by staining sections with polyclonal rabbit
anti-human CD3 (Dako, Carpinteria, CA) and a secondary labeled
polymer horseradish peroxidase anti-rabbit reagent (Dako). A
diaminobenzidine substrate was employed to render a brown
reaction product. Cell counts were obtained using an ocular grid
micrometer. T cell counts were enumerated per mm2; 3 mm2 were
evaluated per level per explant.
Flow cytometry studies. Flow cytometry analysis of T cells was
performed using directly conjugated monoclonal antibodies. CD3,
CD45RO, CD69, and TNFa antibodies were obtained from BD
Biosciences (San Diego, CA). CLA and CCR4 antibodies were
purchased from BD Pharmingen (San Diego, CA). For analyses of Vb
TCR expression, T cells were co-stained with CD3 PerCP and with
directly conjugated antibodies to Vb subfamilies (Coulter, Palm
Beach, FL). Analysis of flow cytometry samples was performed on a
Becton Dickinson FACScan instrument and data was analyzed using
CellQuest software.
T cell functional studies. For analysis of T cell proliferation in
response to TCR cross-linking, 2.5 103 T cells isolated from normal
skin explant cultures were added in 200ml of medium to each well of
a 96-well plate in the presence of 0.01 mg/ml anti-CD3 (clone HIT3a;
BD Pharmingen) and 0.1 mg/ml anti-CD28 (clone 28.2; BD
Pharmingen). [3H]thymidine (1mCi) was added to each well on
day 5 and cells were incubated for 24 hours. Cells were then lysed
and DNA was transferred to a glass fiber membrane with a Tomtec
96-well plate harvester. Membranes were counted in a Wallac trilux
liquid scintillation counter. Shown are the mean and SD of three
duplicate measurements. For analysis of CD69 upregulation, T cells
were incubated in RPMI/10% fetal calf serum with and without
5mg/ml concanavalin A (Calbiochem, San Diego, CA) for 4 hours.
Cells were then collected, stained for CD69 expression using directly
conjugated CD69 monoclonal antibody (BD Biosciences) and
assayed by flow cytometry with gating on CD3þ cells. Production
of TNF-a was assayed after treatment of cells with RPMI/10% fetal
calf serum with or without 5 mg/ml concanavalin A for 6 hours.
10 mg/ml Brefeldin A (Calbiochem) was included in the culture
medium for the last 5 hours of incubation. Cells were then stained for
surface marker expression, fixed, permeabilized, stained with anti-
cytokine antibodies (Fastimmune; BD Biosciences), and examined
by flow cytometry.
Analysis of conditioned medium from explant cultures.
Conditioned medium from explant cultures was collected on day 21
and stored at 801C until analysis. At the same time, matched
samples of the medium used in explant cultures was collected and
stored for direct comparison. For measurements of all ILs, IP-10,
MCP-1, MCP-3, and MIG, duplicate supernatants from two different
donors were analyzed by the Protein Microarray Facility at the
Harvard Partners Genome Center (Cambridge, MA) using the
Zyomyx human cytokine chip, which tests for 30 cytokines and
chemokines. Single-agent ELISA kits (R&D Systems) were use to
evaluate concentrations of IL-8 (eight measurements consisting of
duplicate samples from four different donors), MDC (six samples
from three different donors), and MIP-3a (16 samples from four
different donors). Mean values are shown, and SDs are indicated by
error bars.
Inclusion of PT and chemokine-neutralizing antibodies. Skin
cell explant cultures were originated as above, except that PT or
chemokine-neutralizing antibodies were included from the origina-
tion of cultures until collection of T cells on day 21. During feeding
three times per week, 1 ml of culture medium was aspirated and
replaced with medium containing the antibodies or PT. IL-8-
neutralizing antibody (R&D systems; mab208) was included at
5mg/ml and medium for feeding contained 10mg/ml. MDC-neutrali-
zing antibody (R&D systems; AF336) was included at 10mg/ml and
medium for feeding contained 20mg/ml. PT (Sigma) was included at
10 ng/ml and medium for feeding contained 10 ng/ml.
Isolation of T cell subsets from peripheral blood. Peripheral
blood mononuclear cells were obtained as discarded pheresis
material from red blood cell donors. T cells were purified by
magnetic bead selection using the Miltenyi pan-T cell isolation kit
(Miltenyi Biotec, Auburn, CA). CLA and CLAþ subsets were
isolated by subsequent incubation of T cells in biotin anti-human
CLA (BD Pharmingen) followed by anti-biotin microbeads and
magnetic separation (Miltenyi). Positively selected cells were
collected as the CLAþ -enriched fraction and negatively selected
cells were collected as the CLA subset. CLA memory and naı¨ve
cells were then separated by use of anti-CD45RO microbeads and
magnetic separation (Miltenyi).
Culture of T cell subsets in fibroblast- and explant-colonized
matrices. For the preparation of fibroblast-colonized matrices,
fibroblasts were isolated by mincing of dermal skin fragments and
incubation in Hank’s balanced salt solution with 2.5 mg/ml trypsin
and 5 mg/ml collagenase for 1 hour. Fibroblasts were cultured in
Dulbecco’s minimum essential medium/F12 (Gibco) supplemented
with 15% fetal calf serum (Sigma, St Louis, MO), 10 ng/ml epidermal
growth factor, and PCN/Strep. Collagen-coated Cellfoam matrices
were colonized with fibroblasts by incubating 200 ml of 5 105
fibroblasts/ml with each matrix in one well of a 48-well plate for
4 hours at 371C. Colonized matrices were then removed from the
cell suspension and cultured in 24-well plates for 5 days before the
addition of T cells. Immunofluorescence staining for vimentin
demonstrated that at least 80% of the matrix surface area was
covered with fibroblasts under these conditions. For the preparation
of explant-colonized matrices, explant cultures were established as
above and maintained for 3 weeks in culture. Matrices were then
flushed with medium and irradiated with 2,000 rad to remove
endogenous lymphocytes. For T cell incubation experiments,
1 106 isolated peripheral blood T cells were added to each matrix
and the combination culture was maintained in Iscove’s modified
medium (Mediatech, Herndon, VA) with 20% heat-inactivated fetal
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bovine serum (Sigma), penicillin and streptomycin, and 3.5 ml/l b-
mercaptoethanol with feeding three times per week. T cells were
recovered by thorough flushing of the matrices.
TCR spectratype analysis. TCR-CDR3 length analysis was
performed as described previously (Pilch et al., 2002). Briefly, total
RNA was isolated from T cells (SV total RNA isolation system;
Promega, Madison, WI) and reverse transcribed into cDNA (Power-
Script Reverse Transcriptase; BD Biosciences). Polymerase chain
reaction reactions were performed out using Cb primers recognizing
both the Cb1 and Cb2 regions and individual primers for the 26 TCR
b chains as described previously (Pilch et al., 2002). Additional run-
off reactions were performed using fluorophore-labeled primers and
labeled products were analyzed using a DNA sequencer and
Genescan software (Pilch et al., 2002).
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